Platinum group elements (PGE) are widely used in industries with an increasing number, and their emissions are resulting in elevated environmental concentrations of these rare metals. Automobile catalyst, which uses Pd, Pt, and Rh as active components, is the most important application field of PGE, and is becoming the main source of PGE emitted into the environments, contributing to a global increase in PGE concentrations. The paper reports the emitted PGE concentrations and distribution found in urban air and accumulated on the road surface and in roadside soil, plant, and their contamination of aquatic environments. The bioavailability, potential uptake into the biosphere, potential risks for humans and the environment are discussed.
Introduction
Platinum group elements (PGE; i.e. Ir, Os, Pd, Pt, Rh, Ru) are very important resources in human society, especially for the industry. PGE exists in the earth's core and mantle and has low natural abundances in the continental crust. Worldwide PGE production has steadily increased since the 1970s because of increasing use in applications such as automobile exhaust catalysts, industrial process catalysts, jewelry, dental implants, and electronics (Fig 1) . And in all PGE application fields, automobile catalyst is the most important. In 2011, the demands for Pt, Pd, and Rh in automobile catalyst were 39%, 64%, and 78% respectively of all the PGE demands.
Automobile catalyst is the main part of automobile catalytic converter used for decreasing the exhaust. Catalytic converters are manufactured with a ceramic or metal substrate, covered in an alumina washcoat containing metal additives such as Ce, Zr, etc. On the surface of the washcoat, varying proportions of PGE (mainly Pt, Pd, and Rh) are highly dispersed. The particle size of the PGE is tiny <0.3 μm down to nanoparticle sizes (1-100 nm). The automobile exhaust, mainly consisting of harmful CO, HC, and NO x , are oxidized and reduced to harmless CO 2 , H 2 O, and N 2 by the catalyst.
While at the same time, the particulate matters containing PGE are emitted with the exhaust gas due to high temperature, chemical reaction, mechanical friction, stresses, sintering and thermal shock [1] which becomes a new source of environmental pollution. Therefore automobile catalytic converters have received the most attention as a primary contributor of PGE to the environment. The subsequent release of PGE into the environment is causing a redistribution of PGE, and increasing concentrations of these elements have been reported in the environment, such as air [2] [3] [4] [5] , soils [6] [7] [8] , street dust [5, 9] , as well as in vegetation [10] [11] and organisms [12] . Elevated PGE concentrations are not restricted to the vicinity of emissions, having been measured in remote areas such as central Greenland [13] . It is now important to assess the potential impacts of this new contamination on humans and the environment. In 1997 2000, the EU carried out a research on PGE pollution and its effect on human and ecosystem in London, Madrid, Rome, Gothenburg and other cities [5] . 
PGE emissions from automobile catalysts
Automobile catalysts have become the main source of anthropogenic PGE pollution into the environment. During vehicle operation, mechanical abrasion and deterioration within catalytic converters causes the release of particles containing PGE from the PGE-coated ceramic honeycomb monolith [14] . In addition, some catalysts contain Os, Ir, and Ru impurities, and these metals are released into the environment alongside Pd, Pt, and Rh [15] [16] [17] .
The emission amount and rate of PGE from automobile catalysts were studied by various methods. Direct measurements of PGE emissions from automobile catalysts provide emission estimates in the nanogram per traveled kilometer range. Emission of the nanocrystalline PGE particles, which are attached to -Al 2 O 3 particles, depend to a large extent on the factors such as engine operating conditions, age and type of the catalysts, the PGE content, vehicle speed and the type of fuel additives present [18] . Additionally, PGE emission can be intensified by unfavorable operational conditions like misfiring or excessive heating, which may destroy the converter. For Pt, emission rates ranging from 9 to 124 ng/km have been calculated for normal driving conditions. Higher emission rates are determined with increasing car speed, reaching a mean value of 90 ng/km at 130 km/h. Emissions from gasoline catalysts are expected to be in the low nanogram per kilometer range, whereas 10-100-fold higher Pt emissions have been measured for diesel catalysts [14] . In contrast, an emission rate of 0.8 μg/km has been inferred from indirect measurements based on the analysis of environmental samples and traffic information [19] . This higher emission estimate has been attributed to conditions encountered in real life, for example, engine ignition problems, that are not taken into consideration in bench tests used for direct measurements. A global catalyst emission of 0.8-6.0 tons of Pt per year can be inferred, assuming that 500 million vehicles are equipped with catalysts, that the average yearly mileage is 15 000 km per vehicle [13] , and that the average emission rate is 0.1-0.8 μg/km [19] .
The emission mechanism and the form of PGE in automobile exhaust are also the concern and still unclear. It is generally believed that mechanical erosion of the catalyst surface is the major cause of PGE emissions, although thermal and chemical processes may also contribute. PGE occur in particle sizes ranging from <1 μm to >63 μm in automobile exhaust and in the urban environment, supporting that the emission is a combination of processes such as chemical and thermal aging. In addition, chemical transformation is suggested by the occurrence of soluble PGE in automobile exhaust. Whereas soluble Pt represents less than 10% of total Pt emissions, soluble Pd and Rh fractions might be greater than 50% of total emissions.
The occurrence of fine PGE-containing particles and soluble PGE species in the environment raises concern about potential environmental and health risk. Table 1 gives some measured concentration of PGE in the environment in some studies. And  Fig 2 shows the possible migration process of PGE from automobile to the environment with the approximate amount.
The studies show that PGE concentrations in the environment in developed and developing countries have been elevated, and the spread of these elements is becoming rapid and wide with the application of catalyst converters. Automobile catalysts are believed to be the main anthropogenic source of Pt, Pd, and Rh, and the distribution and concentration of the PGE in the road dust, urban air, soil, and plant indicated that vehicle traffic were mainly responsible for pollution by PGE.
PGE are widely dispersed in the environment as a result of their emission as fine particles, and deposition on regional and long-range scales represents a large fraction of the global PGE deposition [20] .
The concentrations of Pd in soil were much higher than those of Pt and Rh, and the average Pd concentration was several orders of magnitude greater than its expected background value. This disparity in Pd distribution in soils adjacent to roads may be perhaps due to its increased use in catalytic converters and/or its reduced dispersal and stronger binding in the soil compared to Pt and Rh.
Pt/Rh and/or Pd/Rh mass ratio in some studies is close to the same ratio documented for automobile catalysts, which suggests that a large fraction of the increase for Pt, Pd, and Rh originate from automobile catalytic converters.
Studies demonstrated that PGE levels in airborne PM tend to fall in the low pg/m 3 range, with Pt normally exhibiting the highest concentrations while Rh levels in ambient PM tend to be the lowest of all PGE. Distribution patterns for PGE among various particle size fractions have been somewhat inconsistent [2] . Fig. 2 . The migration process of PGE from automobile catalysts to the environment [32] .
Human exposure and health risk
The increase of PGE concentrations in the environmental, especially from automobile catalysts, raises much concern over the potential risks for human and the environment. The uptake and bioaccumulation [33] [34] [35] [36] of PGE in organisms were widely studied. And the risks depend on the exposure, bioavailability, and their toxicity. Table 2 gives some research results of PGE concentration in organisms.
For human exposure to PGE, the inhalation of fine PGE-containing particles, skin contact, and dietary intake are the main ways. Human exposure and uptake have been investigated comparing populations with different exposures to automobile traffic. Adults from a large city (Rome) with dense traffic had greater urinary Pt and Rh concentrations than adults from a smaller town (Foligno) with relatively low traffic density, but no clear trend was found for Pd [37] . In contrast, a significant correlation between urinary Pd and Rh concentrations and traffic density was found in children, but no correlation was observed for Pt [38] . Despite some inconsistencies, the studies show that human exposure results in the uptake of PGE, although PGE may not be transferred to organs.
The toxic effects of PGE with high concentrations reported in medical and occupational studies are sensitization, mutagenic effects in bacterial and mammalian cells, and increased tumor incidence. However, due to the low concentration of PGE in the environmental, their effects have not been determined. A no-effect limit concentration of 1.5 ng/m 3 has been set for exposure to Pt salts in a catalyst-manufacturing plant [39] ; and airborne Pt concentrations do not exceed 100 pg/m 3 and only approximately 10% may be in the form of soluble salt. Available data on Pd and Rh are still not enough to determine the effects on human health [39] .
There are several reasons for that PGE may pose a greater health risk than once thought.
(1) Emitted PGE may be easily mobilized and solubilized by various compounds commonly present in the environment. (2) PGE may be transformed into more toxic species upon uptake by organisms. (3) A significant proportion of PGE found in airborne PM is present in the fine fraction that been found to be associated with increases in morbidity and mortality. 
Conclusions
Elevated PGE concentrations in the environment and uptake by biota are attracted more and more attention over the potential risks from PGE emitted from automobile catalysts. With the rapid increase of PGE demand and application in automobile catalysts, PGE emissions are expected to increase soon, especially in developing countries. Although the PGE concentrations are increasing, current environmental PGE levels remain low, and their risks for human and the environment are expected to be limited. However, it should be noticed that the present available data are not enough for accurate assessment of potential risks. The information about the migration, accumulation, physicochemical form, bio effect of PGE at present is sparse and insufficient for risk evaluation. So it is very important to continue monitor the environmental levels of PGE and study their properties, physicochemical behavior, bioavailability, and associated toxicity to organism, which ensure us to better assess their potential risk in human.
